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Inﬂuenza virus assembles in the budozone, a cholesterol-/sphingolipid-enriched (‘‘raft’’) domain at
the apical plasma membrane, organized by hemagglutinin (HA). The viral protein M2 localizes to the
budozone edge for virus particle scission. This was proposed to depend on acylation and cholesterol
binding. We show that M2–GFP without these motifs is still transported apically in polarized cells.
Employing FRET, we determined that clustering between HA and M2 is reduced upon disruption
of HA’s raft-association features (acylation, transmembranous VIL motif), but remains unchanged
with M2 lacking acylation and/or cholesterol-binding sites. The motifs are thus irrelevant for M2
targeting in cells.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Inﬂuenza A virus particles assemble and bud in the ‘‘budozone’’,
which is according to one view a large, stabilized, liquid ordered,
cholesterol-/sphingolipid-enriched (‘‘raft’’) domain in the plasma
membrane [1–4]. In accordance, cholesterol and sphingolipids
are enriched in puriﬁed virus particles relative to the apical mem-
brane of their host cell [5]. Yet, at physiological temperature
(37 C) ordered domains are only a minute fraction of the viral
membrane suggesting that virus budding does not occur through
a liquid ordered domain [6]. The budozone is supposed to be orga-
nized by the major viral glycoprotein, hemagglutinin (HA), often
considered a paradigmatic raft protein [4,7]. In the plasma mem-
brane, HA forms irregularly shaped clusters of different lengthscales that depend on sphingolipids, cholesterol and the cytoskel-
eton [8–10]. However, no clustering of cholesterol is seen in the
plasma membrane of HA-expressing cells by high-resolution sec-
ondary ion mass spectrometry [11].
HA has two molecular determinants for targeting to the budoz-
one: S-acylation (‘‘palmitoylation’’) at typically three cysteine res-
idues [12] and the sequence stretch valine–isoleucine–leucine
(VIL) in the outer part of the transmembrane domain (TMD)
[13,14]. Both motifs are crucial for virus viability: It is impossible
to generate virus with non-acylated HA; viruses with underacylat-
ed HA are severely attenuated due to defects in HA-mediated
membrane fusion and/or assembly and budding, probably owing
to reduced raft incorporation of HA [15–18]. HA with mutated
VIL motif is retarded in intracellular transport [19] and distributes
randomly at the plasma membrane, hence does not shape the
budozone [14]. Mutating the VIL motif in viruses reduces infectiv-
ity by affecting budding efﬁciency, HA incorporation into virions
and membrane fusion [14]. Employing ﬂuorescence resonance en-
ergy transfer (FRET), we showed in live cells that HA is targeted to
membrane rafts, dependent on these two features [20–22].
Upon assembly of all viral components in the budozone, bud-
ding proceeds by membrane bending and ultimately scission of
the nascent virus particle. This last step is mediated by the viral
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ﬁlamentous viruses [23,24]. An amphiphilic helix inserts into the
membrane to modify membrane curvature [24].
It has not been clearly elucidated by which signal or molecular
mechanism M2 localizes to the edge of the viral budding site. Un-
like HA, M2 does not associate with the biochemical correlate of
rafts, detergent-resistant membranes (DRMs) [17], but we demon-
strated with FRET that M2 clusters with HA in the plasma mem-
brane independently of other viral proteins [25]. Schroeder et al.
[26] have postulated that the two raft-targeting features in M2—
acylation [27,28] and cholesterol binding [26]—draw the protein
to the edge of the budozone while the short TMD prevents com-
plete raft incorporation. In support of this model, we could show
that GFP-tagged M2 has afﬁnity for the coalesced raft-like phase
in giant plasma membrane vesicles (GPMVs), a cell-derived model
membrane system that lacks cytoskeleton and cytoplasmic pro-
teins. There, raft-phase partitioning of M2 depends on acylation,
but not on the cholesterol-binding motifs [29]. Surprisingly, how-
ever, mutating M2’s raft-targeting features acylation and/or cho-
lesterol binding does not compromise virus growth in cell
culture [30–34]. Since virus budding is likely to be a redundant
process, we assumed that in the viral context, other proteins might
compensate the targeting failure of M2. A likely candidate is the
viral matrix protein M1, which binds to the cytoplasmic tail of
M2 and presumably also to the cytoplasmic tail of raft-embedded
HA (reviewed in [35]). Indeed, HA–M2 clustering in virus-infected
cells is reduced—but not abolished—when the binding site for M1
is disrupted in M2 [36]. Here we employed FRET in live cells to as-
sess the raft-targeting features of M2 for clustering with HA in the
absence of other viral proteins.
Acylation and cholesterol binding of M2 could also be relevant
for intracellular sorting. In polarized cells, both HA [37,38] and
M2 [39] are intrinsically targeted to the apical side. The transport
of proteins from the trans-Golgi network to the apical plasma
membrane was proposed to be mediated by uncoated, ‘‘raft-like’’
vesicles containing high amounts of cholesterol and sphingolipids
[40,41]. Thus, raft afﬁnity of a protein can be the decisive feature
why it is sorted apically. In the case of HA, the molecular determi-
nants for apical transport of HA reside in the TMD, but do not pre-
cisely overlap with the raft-targeting features [37,38], and HA
lacking raft-targeting signals is transported to the apical mem-
brane in transfected polarized Madin–Darby canine kidney cells
(MDCK) [19]. However, the molecular determinants for apical
transport of M2 have not been investigated.
2. Material and methods
2.1. Plasmids
Plasmids encoding fusion proteins of M2 [25,29] and HA [20]
with ﬂuorescent proteins (Fig. 2A) were described previously.
2.2. Polarized cells and confocal microscopy
Polarized MDCK II cells were grown on Transwell permeable
supports (BD Falcon) as described [19]. Immunoﬂuorescence stain-
ing was accomplished with mouse anti-b-catenin (Sigma, 1:500)
and Alexa568-labeled goat anti-mouse (Molecular Probes,
1:1000) antibodies using standard methodology [42]. Confocal
laser-scanning microscopy was performed with an Olympus
FluoView-1000 microscope (UPLSAPO 60 water-objective,
green-ﬂuorescent protein (GFP) excitation: 488-nm argon laser,
Alexa568 excitation: 559-nm HeNe laser). Polarized cells were re-
corded in z-stacks from the apical end to the bottom with 0, 5-lm
increments and visualized with FluoView-1000 software.2.3. Fluorescence lifetime imaging microscopy to measure ﬂuorescence
resonance energy transfer (FLIM-FRET)
FLIM-FRET was carried out as described [20,21,25], employing
live CHO-K1 cells grown in 35-mm glass bottom dishes (MatTek)
and transfected with FRET-donor (HA–Cer, 4 lg/dish) and FRET-
acceptor (M2–YFP, typically 0.1 lg/dish) using TurboFect (Fermen-
tas/Thermo). Nineteen to twenty-four hours post-transfection,
cells were imaged by confocal microscopy, ﬂuorescence lifetimes
of HA–Cer were measured with the Picoquant LSMupgrade kit
and determined with SymPhoTime. ‘‘Clustering’’ was assessed
according to Zacharias et al. [43]. The FRET efﬁciency E in each
cell’s plasma membrane was plotted against the relative acceptor
intensity A in that area, determined using ImageJ. Values were cor-
rected for background, divided by the laser intensity and normal-
ized (to account for aging and exchange of lasers; highest value
in the respective experiment = 1). Data sets are from at least two
independent days of measurement and comprise at least 30 cells.
Using GraphPad Prism 5, the data were ﬁtted to the hyperbolic
function
E ¼ Emax  A=ðKD þ AÞ;
yielding Emax (FRET efﬁciency at saturation) and KD. Low KD values
indicate clustering [43].
3. Results and discussion
3.1. Acylation and cholesterol-binding motifs are not required for
apical transport of M2
First we examined whether apical targeting of M2 depends on
its raft-association features, the acylation site and the choles-
terol-binding motifs. MDCK II cells were cultured on Transwell
ﬁlters for polarized development and transfected with M2 tagged
with GFP (M2–GFP), which is processed, modiﬁed and transported
as authentic M2 [25,29]. Fig. 1A/B displays two different confocal
xy/xz/yz sections of representative cells in the apical (Fig. 1A)
and the central/basolateral region (Fig. 1B), respectively. The baso-
lateral marker b-catenin [44] was conﬁned to basolateral areas at
the positions of cell–cell contacts (red), conﬁrming establishment
of the polarized phenotype. M2–GFP (green) was clearly present
at the apical but not the basolateral side as there was no consider-
able overlap of the two signals. This demonstrates that M2–GFP
accumulated at the apical surface of the cells, as authentic M2 [39].
Analysis of M2–GFP variants with disrupted raft-targeting mo-
tifs in the same manner showed that all of them were localized at
the apical membrane, like M2–GFP-wt (Fig. 1C). Thus, disruption of
the acylation site (C50S; Fig. 1D), of the cholesterol interaction mo-
tifs (Y52S, Y57S; Fig. 1E) or the combined disruption of both motifs
(Fig. 1F) did not lead to any signiﬁcant change in M2 targeting in
polarized cells. Thus, these motifs are not required for apical trans-
port of M2 despite their potential to mediate protein inclusion into
raft-like apical transport vesicles. There may be a more complex,
indirect trafﬁcking route for M2 after passage through the trans-
Golgi network as plasma membrane transport of M2—but not
HA—requires the apical recycling endosome marker rab11 [24].
3.2. HA–M2 clustering requires raft-targeting features of HA
We then investigated the requirements for clustering of M2
with the budozone-deﬁning HA. FLIM–FRET (ﬂuorescence lifetime
imaging microscopy to evaluate ﬂuorescence resonance energy
transfer) was measured in the plasma membrane of live cells co-
expressing HA and M2, tagged with suitable FRET-donor and
FRET-acceptor, Cerulean (Cer) and yellow-ﬂuorescent protein
Fig. 1. Transport of M2 to the apical membrane of polarized MDCK cells is not affected by disruption of raft-targeting features. Polarized MDCK II cells expressing variants of
M2–GFP (green) were assessed by confocal microscopy (z stacks) after 14 days of culture. Basolateral membrane part in red (immunoﬂuorescence anti-b-catenin). (A and B)
representative ﬁeld of MDCK II cells expressing M2–GFP wt sectioned in the apical (A) and central/basolateral (B) region, xy plane and xz/yz-sections as indicated. (C–F)
representative z-sections from polarized cells transfected with the indicated variants of M2–GFP. All of them were transported to the apical side.
Fig. 2. FLIM-FRET analysis to assess clustering of HA andM2. (A) schematic representation of HA and M2, fused to Cerulean (Cer) and YFP, respectively. HA associates with the
budozone by means of acylation at three cysteines (wavy lines) and the VIL motif in the outer region of the transmembrane domain (star). M2 carries two putative raft-
targeting features in an amphiphilic helix in the cytoplasmic tail: acylation (wavy line) and cholesterol-binding sites (star), assumed to target M2 to the budozone edge. (B)
representative CHO cell transiently co-transfected with HA–Cer-wt (FRET-donor) and M2–YFP-wt (FRET-acceptor), imaged by confocal microscopy and subjected to FLIM for
FRET determination. (C) FRET-efﬁciency for each cell plotted against the relative acceptor intensity in that cell; hyperbolic ﬁt (solid line, broken line: 95% conﬁdence interval)
provides KD to assess clustering. Number of cells (n) = 31, mean FRET-efﬁciency E (±S.E.M.): 10.5 ± 1.4%, KD (±S.E.M.): 0.13 ± 0.09. The low KD values indicate clustering.
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transiently transfected, non-polarized live Chinese hamster ovary
cells (CHO) , as in previous studies [20,21,25]. It is not feasible to
measure FLIM–FRET on polarized cells, grown on Transwell ﬁlters,
in a live-cell setting.
We ﬁrst validated the methodology by reproducing the results
for HA–Cer-wt and M2–YFP-wt [25]. Fig. 2B shows confocal images
of a representative cell co-expressing these probes at the plasma
membrane. We recorded the ﬂuorescence lifetime of HA–Cer-wt in
the presence of the FRET-acceptor M2–YFP-wt in 31 live cells to ob-
tain the FRET-efﬁciency. A wide range of FRET-efﬁciencies was
determined, as observed before, here spreading between 1.1% and32.4%. The mean FRET-efﬁciency (±S.E.M.) was 10.5 ± 1.4%, lower
than in the previous experiment (16.3 ± 1.2%). However, as consid-
ered before [43], FRET-efﬁciency values may not accurately reﬂect
speciﬁc interaction of membrane-associated probes: Such probes
aremobile only in the two-dimensional diffusion space of themem-
brane, where FRET can also occur by random interaction, especially
at high probe density. Accordingly, we determined ‘‘clustering’’ of
the probes by plotting the FRET-efﬁciency for each cell against the
normalized acceptor intensity in that cell and ﬁtting a hyperbolic
function to the data, a model used e.g. to describe receptor–ligand
interaction. Fitting yields a value KD, denoting ‘‘clustering’’ of the
probes when it is low compared to the acceptor intensities (i.e.
Fig. 3. Clustering of HA with M2 depends on HA’s raft-targeting features. FLIM–
FRET measurements in CHO cells co-expressing variants of HA–Cer and M2–YFP-wt
at the plasma membrane (see representative confocal micrographs). Clustering
evaluated as in Fig. 2. KD values were considerably higher than for HA–Cer-
wt + M2–YFP-wt (Fig. 2), indicating poor clustering. (A), HA–Cer-C3S + M2–YFP-wt,
n = 45, E = 9.5 ± 1.3%, KD = 0.72 ± 0.28; (B): HA–Cer-VIL3A + M2–YFP-wt, n = 43,
E = 7.4 ± 0.9%, KD = 0.29 ± 0.19.
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however, that the values should not be interpreted in a strict quan-
titative fashion, but rather qualitatively to consider different condi-
tions of comparable FRET pairs [43]. The evaluation of clustering
between HA–Cer-wt and M2–YFP-wt yielded a relative KD value of
0.13 (Fig. 2C). This is very similar to the result obtained previously
[25] for the same FRET pair (relative KD = 0.09). Thus, we corrobo-
rated that HA–Cer and M2–YFP cluster in the plasma membrane of
live cells.Fig. 4. HA clusters with M2 independently of the raft-targeting features in M2. FLIM-FRET
M2–YFP at the plasma membrane, evaluated as in Fig. 2. Representative cells are shown f
the top cell in Fig. 4A). (A), HA–Cer-wt + M2–YFP-C50S, n = 32, E = 11.7 ± 1.4%, KD = 0.04 ±
(C): HA–Cer-wt + M2–YFP-C50S, Y52S, Y57S, n = 37, E = 8.5 ± 1.0%, KD = 0.10 ± 0.10. KD
clustering.We then asked which raft-association features of HA is neces-
sary for clustering with M2, knowing that HA–M2 clustering is
strongly reduced if both raft-targeting signals in HA are deleted
[25]. When HA–Cer-C3S (lacking all three acylation sites) was em-
ployed for FLIM–FRET, a relative KD value of 0.72 was determined
(Fig. 3A), clearly higher than in the experiments with HA–Cer-wt
(KD = 0.13, Fig. 2C). Also, the ﬁtting curve appears quasi-linear
rather than distinctly leveling off as in the case of clustering. The
FLIM–FRET measurement with HA–Cer-VIL3A and M2–YFP-wt
yielded a relative KD of 0.29 (Fig. 3B). Thus, removing the raft-
targeting features of HA clearly reduced clustering with M2, more
pronounced with non-acylated HA. Acylation of HA may thus be
more important for budozone organization than the VIL motif.
Accordingly, lack of HA’s VIL motif in recombinant viruses is less
dramatic than mutating individual HA acylation sites (viruses with
non-acylated HA cannot be rescued; virus titers of virus with HA-
VIL3A are reduced by 2–4 logs [14]).
3.3. HA–M2 clustering is independent of raft-targeting features in M2
Finally, we assessed whether the raft-association features of M2
play a role for the intrinsic clustering with HA. We performed
FLIM–FRET experiments with HA–Cer-wt and mutants of M2–
YFP. The results (Fig. 4) show that HA–M2 clustering was evident
irrespective of the M2 version, relative KD values in the same range
as for HA–Cer-wt and M2–YFP-wt were obtained: 0.04 for HA–Cer-
wt and M2–YFP-C50S (lacking acylation; Fig. 4A), 0.11 with M2–
YFP-Y52S, Y57S (cholesterol-interaction motifs disrupted;
Fig. 4B), and 0.10 with the M2 mutant lacking both raft-targeting
features (Fig. 4C).
Surprisingly, M2–HA clustering was not even diminished in the
absence of cholesterol-binding sites and/or acylation. This chal-
lenges the hypothesis that these features govern association of
M2 with the budozone edge [26]. It appears that they mediate do-
main targeting of M2 in model membrane systems such as
GPMVs—where raft targeting of M2–GFP depends on acylation
[29]—, but not in living cells or in the viral context. In accordance
with this, these motifs are not absolutely conserved in M2 [34].
What then drives association of M2 with the HA-organized
budozone? This could be achieved by the actin cytoskeleton, whichmeasurements in CHO cells co-expressing HA–Cer-wt and the indicated variants of
or each combination. Only cells co-expressing HA and M2 were considered (e.g., only
0.04; (B): HA–Cer-wt + M2–YFP-Y52S, Y57S, n = 30, E = 19.6 ± 1.5%, KD = 0.11 ± 0.06;
values were in the same range as for HA–Cer wt + M2–YFP wt (Fig. 2), indicating
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especially sphingolipid-enriched membrane domains [45]. HA–
M2 clustering is disrupted by affecting actin polymerization with
Cytochalasin D [24]. The same compound also reduces clustering
of HA with raft markers [17], and HA clusters observed by ﬂuores-
cence photoactivation localization microscopy are shaped by the
actin cytoskeleton [8]. The cellular protein Annexin A6 may repre-
sent a link between M2, the actin cytoskeleton and the budozone:
Annexin A6 associates with membranes (also cholesterol-rich
membrane domains), stabilizes the cortical actin cytoskeleton,
and was found to bind to the cytoplasmic tail of M2, an interaction
which negatively regulates virus budding [46].
Alternatively, M2 might have an intrinsic targeting signal differ-
ent from acylation or cholesterol-binding sites. It was recently
shown that the replacement of ﬁve residues (F47, F48, I51, Y52,
F55) in the membrane-inserted hydrophobic face of the amphi-
philic helix [23], or any two of these [47], leads to attenuation of
recombinant viruses in cell culture, changes in virion morphology,
scission defects and also to reduced HA–M2 clustering, assessed by
electron microscopy of plasma membrane sheets [47]. This implies
that the relevant features regarding M2 targeting and HA–M2
clustering may be components of the amphiphilic helix other than
the integrity of cholesterol-binding motifs and the acylation site.
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